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Summary
The Périgord black truffle (Tuber melanosporum Vittad.) is a heterothallic ascomycete that 23 establishes ectomycorrhizal symbiosis with trees and shrubs. Small-scale genetic structures of 24 female genotypes in truffle orchards are known, but it has not yet been studied in male 25 genotypes. In this study, our aim was to characterize the small-scale genetic structure of both 26 male and female genotypes over five years in an orchard to better understand the T. 27 melanosporum sexual reproduction strategy, male genotype dynamics, and origins. Two-28 hundred forty-one ascocarps, 475 ectomycorrhizas, and 20 soil cores were harvested and 29 genotyped using microsatellites and mating type genes. Isolation by distance analysis revealed 30 pronounced small-scale genetic structures for both female and male genotypes. The genotypic 31 diversity was higher for male than female genotypes with numerous small size genotypes 32 suggesting an important turnover due to ascospore recruitment. Larger and perennial female 33 and male genotypes were also detected. Only three genotypes (1.5 %) were found as both 34 female and male genotypes (hermaphrodites) while most were detected only as female or Introduction 39 The Périgord black truffle, Tuber melanosporum, is an ascomycete species that forms 40 ectomycorrhizal symbiosis with trees and shrubs. For forty years, large-scale inoculation of 41 tree seedlings with T. melanosporum ascospores has been used in nurseries to produce in One-hundred seventeen ectomycorrhizas representing nine and 14 genotypes for 2010 and 140 2014 samplings, respectively, were genotyped (Table 1 and Table S1 ). Five genotypes 141 (R001•-R004 and R007) were found in both ectomycorrhizal samplings in 2010 and 2014 142 (Table S1 ). The maximum ectomycorrhiza genotype size was 19.02 m for R021 (Table 1 and 143 Fig. 3 ). Eighty-six percent of ectomycorrhiza genotypes were also detected as female 144 genotypes in ascocarps, and were represented in 16 genotypes with significant Psex values 145 (Table S1 ). Similarly, 86% and 70% of the female genotypes were also detected in ECM 146 genotypes for seasons 1 and 5, respectively. 147 148 When considering only the mating type locus, the aggregation index (Ac) was 0.49 (p value = 149 0) for female genotypes, indicating that genotypes of the same mating type tend to aggregate 150 (Table 1 ). In the orchard, large patches from 5 to 20 m 2 of different genotypes of the same 151 mating type for the root colonization were observed (Fig. S3 ). A single tree can be colonized 152 by one patch (such as E10 and B11) or by two contiguous patches of opposite mating types 153 (F10, F11, D11, A11, and A12). Tree D11 harboured maternal genotypes and 154 ectomycorrhizas of MAT1-2 with the exception of one ectomycorrhiza sampled in square F5 155 formed by MAT1-1 mycelium ( Fig. S3 and Table S1 ). This genotype was not detected in male 156 genotypes (see below). At the contact zone between patches of opposite mating types, no 12 due to limited dispersal capacities may explain the observed heterozygote deficit. An existing 264 genetic barrier impeding mating of unrelated female and male genotypes is unlikely since 265 26% of the zygotes have a negative kinship coefficient. 266 267 Germinating ascospores could act as male genotypes 268 For both female and male genotypes, we observed similar features with both co-occurrence of 269 small size genotypes, often detected transiently as a single ascocarp, and larger perennial 270 genotypes. These results suggest that for both female and male genotypes, there is a mix of 271 new genotypes recruited from ascospores and perennial genotypes that have been 272 disseminated by vegetative propagation. However, male genotypes presented a higher 273 genotypic diversity and were less perennial than female ones, suggesting that ascospore 274 recruitment is more important for male than for female genotypes. As already proposed by 275 Taschen and colleagues (2016), it is therefore tempting to hypothesize that most of the male 276 genotypes originate from germinating ascospores whose mycelium does not survive after 277 sexual reproduction. Indeed, sexual spores have been proposed as male gametes for 278 ascomycetes and basidiomycetes (Nieuwenhuis et al., 2011) . 279 The inoculation of ascospores in truffle orchards in order to improve the production of 280 ascocarps has become a common practice (Olivier et al., 2012) , but is totally empirical due to 281 lack of scientific background. This practice is not recent since Ciccarello (1564) 
Soil mycelium could also be a reservoir of male genotypes
In our study, 16 male perennial genotypes were found. One of them, genotype R102, was 289 found in 18 ascocarps (8.7%) over four years (Fig. S5 ). Among these, only three 290 corresponding to true hermaphrodite genotypes were present on ectomycorrhizas. We have 291 made the assumption that these male genotypes have a poor ability to form associations with 292 the host and that they likely survive as free-living mycelium in the soil or are associated with 293 the roots of non-ectomycorrhizal plants. It has been demonstrated that roots of herbaceous 294 plants can host truffle mycelium, but the nature of this interaction (such as colonization of the 295 rhizosphere, endophytism,and endomycorrhiza as with orchids) is unknown (Gryndler et al., 296 2014). In our study, we detected the presence of both mating types in 16 out of 20 soil cores. 297 This result demonstrates that close to the ectomycorhizas formed by the female genotype, 298 mycelium of opposite mating type are present as mycelium and consequently the male 299 genotype could survive in the soil through vegetative propagation, saprotrophycally, or in 300 association with the roots of non-hosts. 301 302 In many ascomycetes, conidia (asexual spores) serve for vegetative propagation or as a male 303 gamete (Nelson, 1996; Maheshwari, 1999 In our study, a non-random distribution of female genotypes according to their mating type 313 was observed to form large patches from 5 to 20 m 2 of different genotypes of the same mating 314 type. This result had already been found for T. melanosporum (Rubini et al., 2011a; Murat et 315 al., 2013; Taschen et al., 2016) and T. aestivum (Molinier et al., 2016) . This aggregation was 316 stable over five years despite genotype turnover ( Fig. S3 ). Interestingly, few ascocarps were 317 harvested in the contact zone of either mating type, suggesting that hermaphroditism, or 318 monoecy, is not widespread in T. melanosporum (Fig. 2) . Indeed, we found only three 319 genotypes that were detected in 27% of the ascocarps as female or male genotypes, which can 320 be considered as true hermaphrodites (scenario 2c in Fig. 2 ). It is not surprising to identify 321 hermaphrodite genotypes since for heterothallic ascomycete hermaphroditism is the common 322 rule (Glass and Kuldau, 1992; Nieuwenhuis and Aanen, 2012) . However, most genotypes 323 were identified as either female (92%) or male (98%) genotype, suggesting a specialisation in 324 one sex leading to subsequent dioecy. In the population of T. melanosporum surveyed in the 325 present study, a mix of a few hermaphrodites genotypes with a majority of female and male 326 genotypes (dioecy) co-occurred suggesting trioecy. Trioecy is known in plants (Joseph and 327 Murthy, 2014; Mirski and Brzosko, 2015) and animals (Weeks et al., 2006; Chaudhuri et al., 328 2011). In fungi, trioecy was reported for the ascomycete Triceromyces (Benjamin, 1986), and 329 it can exist for F. fujikuroi (Leslie, 1995) , but it does not seem to be a widespread occurrence. 330 In animals, trioecy can occur when environmental conditions change or when a species 331 colonizes a new habitat, leading to a transition from hermaphroditism to dioecy or vice versa 332 (Weeks et al., 2006) . Trioecy is therefore a transitory status, and in Caenorhabditis elegans it 333 seems evolutionarily unstable (Chaudhuri et al., 2011) . In heterothallic ascomycetes, 334 hermaphroditism could be the ancestral status since it is expected for most of the species 335 (Glass and Kuldau, 1992) . It is therefore tempting to hypothesize that hermaphroditism has 336 been lost in T. melanosporum in order to favour female and male genotypes. But 337 unfortunately, without in vitro tests, which are not yet available for T. melanosporum, the 338 likelihood of hermaphroditism versus dieocy cannot be formally demonstrated. 339 340 In conclusion, sexual dimorphism could be more frequent in fungi than expected, and 341 progress in genome sequencing could allow for its investigation. Indeed, in contrast to 342 animals and plants, dioecious fungi often are morphologically similar, and sexual dimorphism 343 can be detected only at genomic or agene regulation levels (Samils et al., 2013) . The Rollainville in north-eastern France. The work site has been described in a previous work by 358 Murat et al. (2013) . Samples and trees were identified by a letter and number and mapped on 359 a grid of 1 m x 1 m squares set up with camping pickets (Fig. S1 ). Three different grids were 360 made to identify three areas (areas 1-3) that cover all of the productive zones of the plantation 361 ( Fig. S1 ). 362 16 363 As described by Murat et al. (2013) , the sampling started under trees F10, F11 and E10 (area 364 1) in the 2010-2011 season and under the trees A11, A12, B11 (area 3) and D11 (area 2) in 365 the 2011-2012 season (Fig. S1 ). The mature truffles were systematically harvested during the 366 production season with help from a well-trained dog, and at the time of harvest, they were 367 precisely mapped on the grid with 5 cm precision. The ascocarps were then washed to remove 368 soil particles and stored at -20°C for molecular analysis. (1995) , and stored individually in microcentrifuge tubes at -20°C for molecular analyses. 378 In order to investigate the distribution and abundance of both mating types in the soil, 20 soil protocol, only the haploid female genotype DNA is isolated since spores are not disrupted. To 388 have access to male genotype from each ascocarp, a mixture of spores was isolated, and their 389 DNA was extracted as described below. Thin slices of each ascocarp were put onto a layer of 390 water in a Petri dish to let spores be released into the water in order to isolate the pool of 391 spores. The liquid was collected in a 1.5 mL tube and centrifuged at 14,000 rpm for 5 min. 392 The supernatant was then discarded in order to obtain a mixture of asci and spores. DNA from 393 the isolated mixture of spores from each ascocarp was extracted as described in Rubini et al. 394 (2011b) with some modifications. First, to each pool of spores, we added 300 mL of NTE 395 buffer (Tris-HCl 200 mM, NaCl 250 mM EDTA 25 mM), and two tungsten beads after which 396 the spores were disrupted with a Tissue Lyser (Qiagen) for 10 minutes at 30 Hz. The tubes 397 were then centrifuged at 14,000 rpm for 10 min, and the recovered supernatant was added to a 398 new tube. Thirty microliters of NaAc (3M) and 330 µL isopropanol were added, and those 399 tubes were mixed and centrifuged again at 14,000 rpm for 10 min. After discarding the (Rousset, 2008) . 466 The significance of IBD was tested using Mantel test with 10,000 permutations. All values 467 were calculated for all the data and also separately for female, male, and ECM data. A culled 468 dataset was constructed to reduce the bias due to sampling the same genotype several times. 469 For each season, the isobarycentre was considered for samples sharing the same genotype and 470 having significant Psex. If two samples with the same genotypes were found in different areas 471 of the truffle orchard (areas 1-3), they were separated. Similarly, we did not calculate the 472 isobarycentre with samples sharing the same genotype from different years. 473 All the maps were obtained with a dedicated python program developed for this study. The Table 2 . Quantity of soil mycelium of both mating types in mg of mycelium/g of soil. The 620 position in the truffle orchard is indicated in addition to the maternal mating type in the 621 sampling square. For squares without ascocarps, the most frequent mating type of maternal 622 tissue in the surrounding square is indicated (identified by an asterisk). melanosporum. In order that sexual reproduction occurs female and male genotypes needs to 626 mate. In nature, the female genotype is found in the host tree root system as ectomycorrhiza, 627 although the male genotype could have different origins: germinating ascospores, soil 628 mycelium (free-living or associated to ectomycorrhiza for hermaphrodite genotype), or 629 conidia. Conidia have never been observed for T. melanosporum, but they have been 630 described in other Tuber species. After the fertilization, a diploid transitory phase occurs (that 631 cannot be detected in mature ascocarps), followed by a meiosis phase that will end in the 632 formation of a mature ascocarp. The structures of ascocarps (peridium, gleba. and ascospores) 633 are represented in the photographs. Table 2 . Quantity of soil mycelium of both mating types in mg of mycelium/g of soil. The position in the 664 truffle orchard is indicated as well as the female mating type in the sampling square. The female mating 665 type was inferred according to the ascocarps harvested in the corresponding square. For squares without 666 ascocarps the most frequent mating type of female tissue in the surrounding square is indicated (identified 667 by an asterisk). 668 
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or/and Fertilization * Never described for T. melanosporum ** After ascospore formation male genotypes are not detected anymore unless breaking ascospores cell walls. 
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